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EXECUTIVE SUMMARY 

Gas cooling is a more reliable, less expensive and sim- 
pler alternative to conventional liquid cooling for heat re- 
moval from phosphoric acid fuel cell (PAFC) stacks. The oper- 
ability of gas cooling has already been demonstrated in at- 
mospheric pressure stacks at current densities of 100 to 150 
mA/cm*. This report presents a theoretical and experimental 
investigation of gas cooling for a pressurized PAFC operating 
at current densities in excess of 300 mA/cm*. 

Two different approaches to gas cooling, Distributed Gas 
(DIGAS) Cooling, and Separated Gas Cooling (SGC) were considered 
for the pressurized application. A design study to compare 
various configuration options showed that SGC witn a specially 
designed 'tree' cooling plate, placed every 5 cells in a stack, 
would provide the best trade-off between cell performance and 
temperature distribution and cost. A perspective view of such 
a stack with "Z" type flow passages and 'tree' cooling plates 
is shown in Figure S-1. 



bipolar plate 


FIGURE S-1 PERSPECTIVE VIEW OF THE SEPARATED GAS-COOLED STACK 
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The operability of SGC was demonstrated in a proof-of~ 
concept (POC) stack of approximately a 10 kW size, operating 

■V 

at a current density of 325 mA/cm^ and at pressures between 
315 to 690 kPa (45 to 100 psia) * The individual cells in the 

t 

stack were approximately a 1000-cm^ size, and the average cell 

temperature was 184°C, An average cell performance of 

605 mV/cell was obtained at a pressure of 515 kPa (75 psia) . 

This represents a gain of more than 100 mV/cell over the at- 
mospheric pressure stack. A typical temperature profile in 
the cell is shown in Figure S-2. As can be seen, a maximum « 

to average temperature difference of '\^11‘’C is obtained for 
the above mentioned cooling scheme. Such a temperature gra- ii 

dient appears acceptable from the point of view of cell life jj 

and current density distribution. The testing has also ; 

pointed to a possible fine tuning of the cooling plate design j 
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FIGURE S-2 COMPARISON OF PREDICTED AND EXPERIMENTAL TEMPERATURE 
PROFILE IN A TYPICAL CELL OF 10 kW STACK (The experi- 
mental measurements are shown in parantheses) 
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to further reduce the temperature gradients. Parasitic power 

» corresponding to the coolant and reactant flows through the 

stack was measured to be very small, <1% of the power output. 

' The 10 kw stack was operated at various pressures for a 

total period of 700 hours. During this period, the stack suf- 
fered some operational upsets such as a fuel outage and high 
differential pressures. Performance of the stack, however, 
remained reasonably stable as shown in Figure S-3. Water 
balances and performance mapping as a function of various 
operating variables were also obtained. Data obtained 
during this mapping would provide valuable design information 
for the continued development effort on pressurized phosphoric 
acid fuel cells for utility applications. 
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FIGURE S-3 LIFEGRAPH OF THE 10 kW STACK 
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INTRODUCTION 


The pressurized phosphoric acid fuel cell (PAFC) , favored 
over the atmospheric PARC because of higher power density and 
energy conversion efficiency, is being developed for utility 
power generation (1) under the sponsorship of the Department 
of Energy, Electric Power Research Institute and the Electric 
Utilities. The PAFC produces approximately equal amounts of 
heat and electricity. A steady state operation is ensured 
through continuous cooling. As is the case with many types 
of powerplants, cooling is an important system consideration 
for the PAFC system as well. The various cooling concepts being 
investigated include two-phase water, alternate dielectric 
liquid, and gas cooling (2). Among the alternatives, gas 
cooling appears to be the most reliable, simple, and cost 
effective approach (1,2,3), 

Possible schemes of implementing gas cooling include the 
distributed gas (DIGAS) cooling scheme (4) and a separated gas 
cooling (SGG) scheme (5). The former involves a splitting of 
the process and cooling gas in the same manifold using a prop- 
erly designed cooling plate and cell passages (Figure 1) . 

Only four gas manifolds are required in this case and the 
cell passage geometry is simple. The latter scheme as shown 

in Figure 2, requires six manifolds and a somewhat complex cell 

\ 

passage design. The engineering feasibility of these gas cooling 

schemes for an atmospheric pressure PAFC has been successfully 
demonstrated (6), The present study unplemented the gas 
cooling in pressurized fuel cell stacks and demonstrated the 
engineering feasibility of gas cooling schemes for the pres- 
surized PAFC stacks up to approximately a 10 kW size. The effect 
of operating variables (temperature, stoichiometric flow rate 
of reactants, etc.) on performance, parasitic power require- 
ments, CO 2 and CO related performance loss, gas cooling ef- 
fectiveness, and the need for maintenance of proper acid 


gjr 












ORIGINAL PAGE IS 
OF POOR QUALITY 



FIGURE 1 PERSPECTIVE VIEW OF A DIGAS STACK 
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BIPOLAR PLATE d2ooc5r 


FIGURE 2 PERSPECTIVE VIEW OP THE SEPARATED GAS-COOLED STACK 
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volume for the pressurize^-, gas cooled PAFC are also discussed. 

This study provides the proof-of-concept (POC) test data and estab- 
lishes the feasibility of gas-cooling in pressurized fuel cells. 

This report describes the accomplishments of various tasks 
leading to the testing of the proof-of-concept stack. The 
initial pressurized testing experience was gained on a facility 
already constructed under a previous program for 350-cm^ size 
cell-stacks (Task 2). In parallel, a more elaborate test fa- 
cility for 1200-cm^ size cells was fabricated under Task 1, 
and short stacks were tested on this facility under Task 3, 

Design, construction and testing of a 10 kW size proof-of- 
concept (POC) stack was carried out under Task 4. The analysis 
of the data obtained on the POC stack was carried out under 
Task 5. The testing of the 10 kW stack at pressures was per- 
formed at Westinghouse's AESD, Pittsburgh facility. 






— — 
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TASK 1. 


DESIGN AND CONSTRUCTION OP TEST EQUIPMENT FOR 
12 X 17 inch (1200”Cm‘’) STACK TESTING 




1.1 OBJECTIVES 

The objectives of this task v;ore to design, construct, and 
check out a test facility with the following features: 

o Pressure testing a short 1200-cn^ fuel cell stack at 
100 to 1000 kPa, 50 to 400 mA/cm^ and 150 to 200°C 

® Continuous unattended operation under fail-safe 
conditions 

0 Recirculated gas cooling of a pressurized fuel cell 

o Automatic data acquisition 

1 . 2 PRESSURIZED TEST STATION D ESIGN 

A detailed flow diagram of the pressurized test facility 
showing thu control elements is given in Figure 1.1. The 
pnaUiTit' tic controllers were selected over the electronic 
controllers because of the lower system cost. A computerized 
data acquisition system was also included. Parallel control 
valves were used in the fuel and oxidant lines to facilitate 
efficient pressurization and depressurization for most of the 
expected flows. The features included in the test facility 
are summarized below; 

Flow Configuration 

® Countercurrent/cocurrent reactant flow 

0 Gas cooling of stacks using a separated recirculating 
scheme 

Operation 

o loo to 1000 kPa and 50 to 400 mA/cm^ testimi 

a Data scanning and recording by an automatic data 
acquisition system 

5 
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2 Atf ^rjinpresBor 

3 Vu£.sq 1 Atmosphoro Supply 
4-6 Proasuro Regulators 

7-0 liaBs I'Jov/ Controllers 
9 fota'iioter 
10 Va| orizor/Prnhoator 


>»-12 Prehoatora 

i'J-14 Differential Pressure Transmitters 
I'j-lli Differential Pressure Controllers 
17-10 Condensers 

19 Pressure Transmitter 

20 Preseuro ConCtoUor 

21 Reoirculatory Blower 


22 Mass Plow Motor 

23 Heat Exchanger 

2*1 Temperature Transmitter 

25 Tcnporaturo/Plov/ CoiiUoUor 

26 Coolant Supply 

27 Coolant Control Valve 
20-32 Pressure control Valves 

33 Manual Valve 

34 Pressure Vcsiwl DlloOb 


FIGURE 1.1 TEST STATION FOR PRESSURE TESTING 12 X 17 in. FUEL CELL STACKS 
WITH THE RECIRCULATION LOOP 
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c Unattended round-the-clock pressurized operation 

o Reactants simulating actual fuel cell operating 
compositions 

Safety and Stack Protection Features 
» Stack overheating protection 
® Low cell voltage protection 

• Electric power failure protection 

o Ha level monitor in the vessel and room 
« CO monitor in room 

» Automatic shutdown (maintaining differential 
pressures of ± 13 cm of water) 

Controlled Operating Parameters 
« Vessel pressure (pneumatic control) 

® Current (manual) 

» Hx coolant flow rate (manual) 

• Temperatures: air, fuel, cooling and cell 

(temperature controller) . 

® Fuel compositions (manual) 

® Air and fuel flow rates (manual) 

« Recirculated cooling flow (manual) 

• Fuel humidity (manual) 

• Blower speed (manual) 

« Cathode to vessel and anode to vessel differential 
pressures (pneumatic control) 

« Water level in the condenser water trap (automatic) 

ffl Variable pressure drop in the recirculation loop 
(manual) 
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Performance Measurements 


t 


® Cell Voltage 
o Temperature distribution 

® Pressure drop across stack in all streams (only one 
stream per test) 


The design details of some of the important subsystem compo 
nents are discussed below. 


® PRESSURE VESSEL; A pressure vessel fitted with a 
blind flange was designed according to the ASME 
code to operate at 2200 kPa and 177®C and to test up 
to 52-cm tall 1200-cm^ (12 x 17 inch) size fuel cell ■ 

stacks. The vessel was made of carbon steel; the vessel : 

bottom and the flanges were faced with SS-316. 

« PRESSURE FITTINGS: Voltage leads, thermocouple wires 

and solid conductors penetrating into the pressure 
vessel from the test panels are to be sealed against 
the operating pressure of the vessel. Conax type 
sealant glands are commercially available. An alter- 
nate, simpler means for sealing electrical wires, 

thermocouples and solid conductors was developed and !• 

successfully implemented. ji 

n 

• HEAT EXCHANGER: A shell and tube heat exchanger equip- ' 

ped with three baffles was designed and fabricated for 

removing heat from the fuel cell recirculation loop. i| 

In this design hot recirculated gas passes through I] 

the shell side, and the cooling air passes through J: 

the tube side. ■ i 

• FUEL HUMIDIFIER; Dry fuel (a mixture of Uz, CO and , 

CO 2 ) was humidified to simulate the fuel composition ' 

obtained from a fuel processor. A positive displace- 
ment pump was used in combination with an electrically 

heated vaporizer. ; 

• BLOWER FOR THE RECIRCULATION OF HOT GASES: A blower 

is required to force the hot recirculated cooling 

gases through the stack and the recirculation loop. » ? 

An axial blower is the preferred type for simplicity 
of implementation of the recirculated gas cooling 
concept because it can be located within the flow 
duct. The standard specifications for commercially 




j 






available blowers often rate the operating temperature 
of the blower motor at less than the operating condi- 
tions encountered in the recirculation loop of the gas 
cooled fuel cell. The life of a blower is a strong 
function of motor housing temperature and, therefore, 
indirectly of the bulk gas temperature. A simple 
scheme was developed that allows the use of these low 
temperature blowers for recirculating hot gases in the 
gas-cooled fuel cell system. This scheme is il- 
lustrated in Figure 1.2. The available fresh air feed 
is introduced at the intake of the blower. Then by 
manipulating the hydrodynamics of this fresh feed, the 
room temperature air is used as the blower motor en- 
velope to shield the blower motor assembly from the hot 
bulk gases. The capability of this arrangement for 
maintaining the blower motor temperature at a much lower 
point than the bulk gas temperature was first demon- 
strated. Followinq this, an axial blower was used in 
a similar arrangement for circulating the hot gases 
of the recirculation loop. 

RECIRCULATION LOOP: The recirculation loop is neces- 

sary to implement the recirculated gas cooling of the 
pressurized PAFC stacks. A schematic view of the re- 
circulation loop given in Figure 1.3 shows the location 
of the different instruments. A mass flowmeter (Ther- 
mal Instrument, Model 60) with a DC signal output was 
used to measure the recirculated gas flow rate in the 
loop. As discussed earlier, a Rotron Aximax 3 blower 
(Model 470 JH) was used to circulate the coolant flow. 
The speed of the blower was varied by a power sgpply 
which provided a variable frequency output with 'tracking 
voltage. A manual speed control mode was used; however, 
the computer set speed control mode is available. A 
butterfly valve was used for manually restricting the 
recirculation flow to meet blower stability re- 
quirements. A flexible pipe piece was introduced to 
allow for accumulated tolerance error and misalign- 
ments that could be caused by an uneven torquing of 
the flanges, and to accommodate thermal expansion. 

DATA ACQUISITION SYSTEM (DAS) ; A Kaye Instruments 
scanner was used for reading the measured variables 
(current, flow rates, temperatures, voltages, pres- 
sure, and differential pressures). An Apple II Plus 
microcomputer was used for data recording and data 
manipulation. The system used a floppy disk for 
data storage. 
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FIGURE 1.3 A SCHEMATIC VIEW OP THE RECIRCULATION LOOP 







1.3 TEST FACILITY CONSTRUCTION 


A photograph of the completed test station is shown in 
Figure 1.4. This test station is also capable of operating 
in a completely manual mode. All the controls are accessible 
from the test panel. Flexible Nylo-Seal tubing was used for 
the test station plumbing. The panel was mounted on wheels 
for mobility and almost all vessel to panel connections used 
Nylo-Seal tubings and easy to connect fittings. Once the test 
station construction was completed, check out runs were per- 
formed. The complete readiness for ^-vressurized stack testing 
was demonstrated through successful pressure testing of the 
Stack P12-1, a 6-cell 1200-cm^ size stack (separated air-cooled 
design) . The operation of the ERC-built pressure fittings and 
air cooled axial blower, and the continuous unattended func- 
tioning of the test facility under fail-safe conditions were 
successfully demonstrated. 
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FIGURE 1.4 TEST STATION FOR PRESSURE TESTING 1200-cm" SHORT STACKS 








TASK 2. 


TESTING AND EVALUATION OF 350-cm^ (5 x 15 inch) 
SHORT STACKS 


2. 1 OBJECTIVES 

The objectives of this task were; 

e To gain experience in pressuri2:e(3 testing of gas- 
cooled stacks 

• To study pressurization-depressurization schemes 

« To evaluate state-of-the art fuel cell components for 
pressurized application. 

2. 2 DESIGN OF STACK COMPONENT S 

Three 6-cell, 350-cm^ (5 x 15 inch) stacks (P5-1, P5-2 and 
P5-3) were built and tested. Each stack had six cells, having a 
cooler placed in the middle. Fuel flowed in the short direction 
while process air and cooling air flowed along the long direc- 
tion. This design also incorporated the distributed gas {DIGAS ) 
cooling scheme, which involved the splitting of process-and 
cooling-gas in the same manifold. The cooling plate consisted 
of two halves, each having molded process channels .{anode 
or cathode) on one side, and a machined straight-through channel 
(in the 15-inch direction) on the other side. The bipolar and 
cooling plates were heat-treated to 900®C. 

The three cells (Cells 1-3) on one side of the cooling 
plate were assembled with an acid inventory control member 
(AICM) developed under Contract DEN3-67 (7) and produced by 
controlling the amount and distribution of wetproofing in the 
anode backing. The AICM was used for storing and/or supplying 
electrolyte as the electrolyte volume in the cell changed 
during transients. The rest of the cells (Cells 4-6) used a 
standard anode backing. The acid addition channels for the 
two groups of cells were isolated to provide separate acid ad- 
dition capability. 
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2. 3 TESTING OF 350-cm^ STACK S 

The first stack (P5-1) was used for trouble shooting and 
successful checkout testing of the test station. The later 
stacks (P5*-2 and P5-3) were used in the actual pressure tests. 
Prior to pressurization, Stacks P5~2 and PS-S were run at at- 
mospheric conditions for -1000 and -500 hours, respectively. 
Test results are summarized below. 

• ATMOSPHERIC PRESSURE PERFORMANCE: The initial perfor- 

mance of all the cells in Stacks P5-2 and P5-3, in- 
cluding the ones with AICMs, were representative of 
ERC's state-of-the-art stacks. Furthermore, excellent 
oxygen gains (62 mV § 33% oxidant utilization) and a 
performance difference of 6 mV between 15% C02/85% Ha 
and 100% Hz indicated that the diffusion polarizations 
at both anodes and cathodes were negligible in all 
cells, including the ones with AICMs. 

9 PRESSURIZED GAIN: The pressurized performance gain of 

Stacks P5-2 and P5-3 are compared in Table 2.1. The 
theoretical gain due to pressurization (Nernst and 
cathode polarization) is: 

AV = 1.5 ^ 

F Pi 


= 0.085 V for Pz - 450 kPa (4.4 atm. T; 169®C) 


From the experimental results, it can be seen that the 
observed gain in the terminal voltage was higher than 
the theoretically predicted gain and, in addition to’ 
this, the performance gain was current density dependent. 
These observations can be explained as follows: 

a) Pressurized operation leads to reduced diffusion 
losses. 

b) Pressurization to 445 kPa from atmospheric condi- 
tions is expected to change the average acid con- 
centration from 101 to 97%. The higher ionic 
conductivity of the 97 wt% acid is expected to 
lower the stack resistance by about 0.2 mfi. Fur- 
thermore, the accompanying acid volume expansion 
may cause a better wetting of the matrix. Upon 
pressurization, drops in resistance of 1.0 mfi 
and 0.7 mO were observed for Stacks P5-2 and P5-3, 
respectively. 
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TABLE 2.1 


PERFORMANCE GAIN IN PRESSURIZED 350-cm^ STACKS 


(Air Utl. ! 50%; Fuel Utl. s 70%; Average Temp.: 169®C) 


CURRENT DENSITY, 
mA/cm^ 

STACK P5-2 

STACK P5-3 

■ PERFORMANCE 
mV 

nn 

PERFORMANCE 

mV 

GAIN, 

mV 

101 kPa 
(1 atm) 

445 kPa 
(4.4 atm! 

lljlpig 

tlBMIiil 

100 

657 

750 

93 

639 

733 

94 

150 

617 

719 

102 

605 

702 

97 

200 

586 

693 

107 

572 

680 

108 

250 

555 

665 

110 

545 

657 

112 

300 

509 

637 

128 

518 

636 

118 














START-UP/SHUTDOWN PROCEDURES; Throe different 
start-up/shutdown approaches were studied using 
the 6-cell stacks. The main features of those 
methods are compared in Table 2,2. For the initial 
pressurization-depressurization runs, a mulhistep, 
slow, and very conservative scheme was successfully adapt 
ed. (Method 1 was developed in 25-cm^ cell testing.) 
Later, a faster, more practicable, one step approach 
(Method 2) was also successfully employed* This 
scheme of pressurization-depressurization is ac- 
complished under no-load conditions. Therefore, the 
differential pressure over-shooting during transients 
is minimized (because a smaller net flow is involved) . 

In the case of a multi cell stack under no-load condi- 
tions, the blower for recirculating the cooling gases 
need not be operated vluring pressurization. The 
blower design therefore becomes much simpler. 

Before pressurization-depressurization starts, the cell 
temperature is brought down to the desired value by 
gradually lowering the load. Although the stack is 
submitted to the open circuit condition, the corrosion 
rate is comparable to the normal running conditions 
because a low temperature is maintained during 
pressurization. The fastest scheme (Method 3) was only 
tested to study the emergency shutdown approach. The 
stacks withstood start-up/shutdown procedures of Methods 
1 and 2, and the shutdown approach of Method 3, without 
any observable permanent loss in stack performance.. 

EFFECT OF CO 2 AND CO ON PRESSURIZED PERFORMANCE: Stack 

P5-3 was run on both the pure Ha and simulated fuel 
(75% Ha, 24% CO 2 and 1% CO). The pressurized (445 kPa) 
performance of this stack on these fuels is compared 
in Figure 2.1, Of the observed 20 mV loss at 150 mA/cm^, 
about 11 mV accounts for a CO 2 dilution effect (Nernst 
loss). The CO 2 and CO related loss in Stack P5'-3, at 
current densities higher than 150 mA/cm^, appeared to 
be current density dependent. The stack performance 
was also studied at three additional pressures 
(101 kPa, 240 kPa, and 340 kPa) . These experiments 
did not indicate a noticeable effect of the pressure 
on the CO 2 and CO related performance loss. The CO 2 
and CO related loss for the cells with an AICM anode 
backing was not any different from those with standard 
backings . 
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TABLE 2.2 COMPARISON OP START-UP/SHUTDOWN PROCEDURES 


FEATURES 

METHOD 1 

METHOD 2 

METHOD 3 
(EMERGENCY 
SHUTDOWN) 

Pressurization- 
Depressuriza- 
tion Rate * 

B 2 kPa/min 

a 10 kPa/min 

«25-75 kPa/min 

Current Density 

50-100 mA/cm^ 

No Load ** 

No Load 

Process Plows 

Large 

Small 

Small 

Steps 

Multistep 

One Step 

One Step 

Cell Temp. 

Normal Cell 
Temperature 

Low Cell Temo, 
« 150°C 

Normal Cell 
Temperature 

Advantages and 
Disadvantages 

Inherently 
slow because 
of vapor 
condensation 
and transient 
differential 
pressure con- 
siderations. 
Requires con- 
tinuous opera- 
tion of the 
recirculation 
blower. 

Corrosion rate 
is comparable. 
Blower design 
will be sim- 
pler. Differ- 
ential pressure 
control during 
transient be- 
comes simpler. 

This emergency 
shutdown pro- 
cedure is the 
fastest. 


*Does not represent the optimum rate. 

**Before depressurization/pressurization starts, the cell temperature is brought 
down to the desired value by gradually lowering the load. 
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(Pressure; 445 kPa (4.4 atm,)? Fuel Utilization; 70%; 
Air Utilization; 50%; Average Stack Temp: 169°C) 
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• EFFECT ON LONG TERM PRESSURIZATION ON PERFORMANCE AND 
COMPONENTS: Stacks P5“2 and P5-3 were rur under pres- 

sure for about 1000 hours. In addition, S..ack P5-2 
had undergone one normal pressurization-depressurization 
cycle, one emergency shutdov/n test and 13 00 hours of 
atmospheric testing. Similarly, Stack P5-3 had under- 
gone three normal start-up/shutdown cycles and three 
emergency shutdown cycles plus an additional 1100 hours 
of atmospheric testing. The stack performance at all 
current densities remained stable and the decay in 
performance during the pressurized study (• **1000 hours) 
was 3 mV i£i 100 mA/cm^. The pressurized lifegraph 
of Stack P5-3 (shown in Figure 2.2) also suggests a 
stable stack performance and resistance throughout. 

Post-test analyses of Stack P5-2 and P5-3 did not sug- 
gest any incompatibility of the state-of-the-art at- 
mospheric fuel cell components for a pressurized 
operation. 

* PRESSURE DROP THROUGH PROCESS AND COOLING CHANNELS: The 

pressure drop in the air flow direction of Stack P5-3 was 
continously monitored and the results are summarized in 
Figure 2.3. The experimentally observed pressure drop 
values were larger than the calculated values. Partial 
blockage of the process channels by’ the backing paper 
(due to sagging) might have caused a reduction in the 
available flow area, which was probably responsible for 
the higher observed pressure drops. If a 13% reduction 
in the process channel depth is assumed, then the ex- 
perimental pressure drop numbers will exactxy match 

the predicted values. The experimental pressure drop 
values also confirmed that the pressure drop is in- 
versely proportional to the fuel cell operating pressure. 
Note that the measured pressure drop values for the flow 
through the cathode side process channels (at both at- 
mospheric and pressurized operating conditions) remained 
almost unchanged with time suggesting that no signifi- 
cant reduction of the flow area developed during the 
testing, 

• EVALUATION OF AICM: Test results (Table 2.3) suggest 

that the use of AICMs resulted in an improved cell per- 
formance and the gain in performance was mostly caused 
by the reduction in cell resistance. In Stack P5-3, the 
cells using the AICMs recorded about 0.2 mfi/cell lower 
resistance as compared with the standard cells. A lower 
stack resistance due to the use of the AICMs was also 
observed in other atmospheric stacks. Partial wet- 
proofing of the AICM backing, compared to a total 
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FIGURE 2.2 LIFEGRAPH OF PRESSURIZED STACK P5-3 (Prior to pres- 
surization, the stack was tested under atmospheric 
conditions for 500 hours) 



TABLE 2 . 3 NET IMPROVEMENT IN CELL PERFORMANCE DUE TO THE 
USE OF AICMs 


Fuel Utilization: 70%; Air Utilization: 50%; Average Stack 
Temperature: 169°C; Active Area: 338 cm^-/cell) 



AVERAGE PERFORMANCE 

@ 300 mA/cm^ 

mV 

STACK 

ATMOSPHERIC 

PRESSURIZED 
445 kPa (4.4 atm. ) 


STANDARD 
BACKING 
(CELLS 4-5) 

AICM 
BACKING 
(CELLS 1-3) 

STANDARD ■ 
BACKING 
(CELLS 4-5) 

AICM 
BACKING 
(CELLS 1-3) 

P5-2 

504 

522 

631 

646 

P5-3 

518 

(0.6 mQ/Cell) 

534 

(0.39 mJ^/cell) 

630 

(0.49 mf2,tielD 

654 

(0 . 32 mfi/teli; 



wet~proofing of the standard backing, may have 
caused the reduction of the contact resistance 
which is otherwise present at the backing/anode 
interface. 

The stability of the cell resistance in pressurized 
testing for the cells using the AICMs is shown in 
Figure 2.4. This suggests an effective acid volume 
management during acid volume expansion. Pressuriza- 
tion to 445 kPa led to a decrease in cell resistance 
because of an increase in acid conductivity caused by 
acid dilution. After depressurization, the cells using 
the standard anode backing always registered a signifi- 
cant increase in the cell resistance. Both the terminal 
performance and the IR-free terminal performance recorded 
a sharp drop, indicating acid starvation symptoms. 

In all instances, the acid addition helped to regain 
both the terminal and IR-free terminal performance, 
and to lower the cell resistance to the original value 
(prior to the pressurization) . This apparent loss of 
acid from Cells 4 to 6 is most prpbably related to the 
acid volume ej( pans ion caused during pressurization. 

Due to the pressurization to 445 kPa, the acid volume 
expands (calculated to be about 8% at Stack P5-3's 
running conditions) and the excess amount is forced out. 

The leakage paths appear to be; 

1) In-plane through the edge seal into the manifold, 
most likely into the fuel exit manifold, which 

is located at the lowest gravity point. 

2) Thru-plane across the backing into the process 
channels . 

In Cells 1 to 3 , the excess^ volume of acid can be accom- 
modated inside the nonwet-proofed areas of the AICM 
backing paper and released to the electrodes when the 
stack is depressurized and acid volume contraction takes 
place. These assumptions were supported by follow-up 
experiments. 

After 1960 hours of operation (atmospheric and pres- 
surized) the stack was depressurized from 445 kPa to 
101 kPa. As usual, only Cells 4 to 6 registered a resis- 
tance increase (from 0.51 to 1.1 mf2) and suffered a 
performance loss. The stack was then repressurized 
to the original pressure (445 kPa) without adding any 
acid. The original stack resistance and the 
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performance were regained. Next the stack was depres- 
surized and only the acid channels of these cells were 
completely filled with acid. The stack was then repres- 
surized to 445 kPa. Cells 4 to 6 were observed to be air 
sensitive. Next the stack was depressurized and disas- 
sembled immediately. Acid was observed in the fuel 
exit manifold. Acid was also found in both the air 
and fuel flow channels of Cells 4 to 6, blocking about 
20-60% of the flow area. 

The results discussed so far indicate that the AICM 
anode backing helped to reduce the cell resistance. 

In addition, the AICM is also effective in controlling 
the acid volume change that may occur due to a change 
in operating conditions or during the transients. 

Hence, for the stable operations of the pressurized 
fuel cells, the use of AICMs may be recommended. This 
would be of even greater importance if pressure varia- 
tions are used as a means of load management in utility 
powerplants . 


2 . 4 SUMMARY QF 350-cm^ SHORT STACKS 

Successful pressure testing of the 6-cell 350-cm^ stacks 
indicated that; 

® Pressure gains higher than the theoretical are obtained 
for the high current density operation. 

® Performance decay during 1000 hours of operation is 
negligible and state-of-the-art atmospheric components 
appear acceptable for a short-term pressurized operation. 

® Easy to implement and relatively simple start-up pro- 
cedures do not affect fuel cell performance. 

« Acid volume management in pressurized testing is 

critical and the use of AICMs is recommended to accom- ' 

modate the acid volume variation and reduce cell 

resistance. 
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TASK 3. PERFORMANCE TESTING OF RECIRCULATED GAS -COOLED 
1200-cm^ (12 X 17 inch) SHORT STACKS 

3.1 OBJECTIVES 

This task was intended for design confirmation testing of 
separated gas-cooled (SGC) pressurized stacks. Short 1200-cm^ 
stacks (6- and 12-cell) were tested to study the following; 

• Pressurization and depressurization technique 

• Acid volume management procedure 

« Baseline performance (cell voltage on pure Ha & SRF , 
performance gain under pressure, reactant utilization, 
component compatability , seal effectiveness, etc.)* 


3.2 STACK DEVELOPMENT TESTS 

The concept of the separated gas-cooling of the fuel cell 
and the pertinent embodiment was tested for atmospheric use 
under NASA/DOE Contract DEN3-161 (5, 6). Stacks incorporating 
a similar design (design details will be discussed under Task 4), 
were employed in the pressurized stack development testing. Four 
6-cell stacks and one 12-cell stack were tested at pressures up 
to 1010 kl*|i (10 atm). A summary of these tests is reported 
in Table 3.1. The results are discussed below. 

• START-UP, NORMAL SHUTDOWN AND EMERGENCY SHUTDOWN TESTS: 
The start-up, normal shutdown and emergency shutdown 
procedures (discussed under Task 2) were successfully 
implemented during 101 to 1010 kPa testing of 1200-cm^ 
stacks. The pressurization/depressurization rate of 
20 kPa/min and the emergency depressurization rate of 
101 kPa/min were routinely used while maintaining 
AP fluctuations below + 6 cm of water. 

® ACID VOLUME MANAGEMENT CONSIDERATIONS; Proper electro- 
lyte volume management is important for maintaining the 
performance level of a phosphoric acid fuel cell oper- 
ating at different conditions. Equilibrium electrolyte 
concentration is a function of the operating variables: 
temperature, stoichiometric flow of the reactants, 
inlet gas compositions,. and, most importantly, the 
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TABLE 3.1 STACK DEVELOPMENT TEST SUMMARY 


1 

BU 

ILD VARIABLES 


ASSEMBLY VARIABLES 

ft 

OPERATION 


• 

1 STOCK 
1 NiniBER 

NO. OP 
CELLS 

NO. OP 
COOLERS 

ELECTRODE 

SINTERING 

ACID ADDED DUR- 
ING ASSEMBLY 

DESRD, COM- 
PRESSION 

STACK CO.M- 
PPESSIOM 

PRESSURE 

DURATION 

ADDITIONAL 

CYCLES 

TESTS 

REMARKS 

i 

1 



TE!'J». 

•c 

CONC. 
WT » 

QUANT. 

ml 

ANODE 

mlla 

CATHODE 

mils 

kPa 

kPa hrs 

Pro*.- 
Deprea . 

Acid 

Addition 

PERFORMED 


1 

j P12-1 

6 

I 

350 

XOl 

43 

4-6 

4-6 

445 

101 50 

505 3 

1010 1 

0 

0 

Checkout of 
the newly con- 
structed tost 
facility 

Defects in 
the facillf 
wore identi- 
fied and tnf. 
reeted 

j P12-Z 

1 

1 

6 

1 

350 

101 

43 

4-6 

4-6 

445 

101 200 
505 

1010 50 

0 

0 

Edqq-aenl op- 
timum acid 
volume re- 
quirement 
(OAVH) , pres- 
surized qain 

This stack 
was later 
used to 
checkout an- 
other 6-coi,. 
1 200-cm'' 
prossurizai 
test facllif 


C 

1 

350 

101 

43 



445 

101 270 
505 40 
1010 15 

2 

1 

Edge-seal, 
OAVR, pros- 
Burizatlon fi 
emergency 
shutdown, per- 
formance on 
fuel, utiliza- 
tion and pres- 
sure drop 
through cath- 
ode process 
channel 

During arer- 
goncy sh-ut- 
down Ap l.n- 
qreasod cvni 
at least 23. 
cm of water 
and cells 3 
and 4 devel- 
oped cross- 
leak 

P12-3 

12 

2 

350 

101 

43 

1-3 

1 

445 

101 620 
505 61 

1010 12 

1 

1 

Thermal pro- 
file 

Low acid cor- 
tent caused 
difficulties 
in atmos- 
pheric test- 
ing. 

pia-5 

6 

1 

360 

97 

50 

1-3 

1-3 

445 

101 350 

505 130 

1 

1 

OAVR, fii.ll 

humidity and 

short-term 

continuous 

pressurized 

performance 

Ueaults oun- 
gest that 
sustained 
fluctuations 
of >10cm of 
water over 
long peric.i 
be avoided 
for preusur- 
ized sticks 


•M.ichinod '2' and 'tree' patterns on bipolar and cooler plates, reapectively, and heat treated to 900«Ci 0.3 imj/cm' 
«ina 0.5 mq/cm pt londlnq on tinodcs and cathodo, rcspeqcively. 
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operating pressure. Therefore, a change in the fuel 
cell operating conditions may change the equilibrium 
concentration, causing an increase or decrease of the 
acid volume. The changes in the fuel cell acid con- 
centration (Figure 3.1) and acid volume (Figure 3.2) 
were estimated using the acid vapor pressure data avail- 
able in the literature' (8), extrapolated values of the 
acid vapor pressure data and simplifying assumptions. 
Changing the operating pressure from 101 to 1010 kPa 
at 180®C will decrease the average acid concentration 
from 100.6 to 91.7 wt% and the associated increase in 
volume is ^17%. This analysis also indicated that the 
effects of operating temperature and stoichiometric 
air flow on the acid volume change becomes more pro- 
nounced as the operating pressure increases. 

An uncontrolled increase in the acid volume may result in 
an irreversible loss of electrolyte. Simililarly, an 
excessive decrease in the acid volume may cause a higher 
cell resistance and/or reactant cross-leak across the 
matrix. To override the effects of the acid volume 
variations, the use of an acid inventory control member 
(AI'CM) seemed to be very useful. However, the AICM 
was not available for use in these developmental stacks. 
Therefore, to alleviate the effects of an acid volume 
change, conservative test procedures for start-up/shut- 
down, pressure and power level changes, etc. v;ere 
established. All test procedures were designed based 
on the acid volume variation information (Figure 3.2), 
experimental considerations and on the assumption 
that the low acid volume may be less harmful than the 
excess acid volume. Furthermore^ acid added to the 
stack during the assembly was restricted in order to 
permit acceptable testing of stacks at pressures between 
101 to 1010 kPa. 

BASELINE PERFORMANCE OF 120Q-cm ^ S TACKS ; The cell per- 
formances on pure Ha and simula”ted reformer fuel (SRF) , 
performance gain at pressure, effect of reactant utili- 
zation and pressure vessel temperature, compatability 
of the state-of-the art component for pressurized opera- 
tion, etc. were studied using Stack P12-2 through Stack 
P12-5. The findings are discussed below. 


The average cell performances on pure Hs and SRF (75% Hz, 
24% COz, and 1% CO on a dry basis) at two different pres- 
sures are compared in Figure 3.3. The average performance 
at 1010 kPa (300 mA/cm® and 190°C) was 680mV. The re- 
sults show that the COz-CO related loss at 1010 kPa and 
300 raA/cm^ was 25 mV, and slightly current density de- 
pendent at the higher current densities. 
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FIGURE 3.1 AVERAGE ACID CONCENTRATION IN A PAFC AS A FUNCTION OF 
PRESSURE AND TEMPERATURE (Conditions and assumptions 
are listed below; numerical data is reported in 
Appendix A) 


Cond It ion* i 
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FIGURE 3.2 THE ACID VOLUME CHANGES IN A PHOSPHORIC ACID FUEL CELL 
(Conditions and assumptions are mentioned above, 
numerical data is reported in Appendix A) 
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Atmospheric 










Typical pressurized gains of individual colls at two 
different current densities are reported in Table 3.2. 

The average gain in performance at 150 mVem’’* due to 
pressurization to 505 kPa was 111 mV (theoretical gain 
is 94 mV) , and from 505 to 1010 kPa it was 39 mV (theore- 
tical gain is 41 mV), Note from the results that the 
gain due to pressurization was different from that predict- 
ed and appears to current density dependent. 


The effect of fuel (pure Ih and SRP) and air utilizations 
on stack performance was studied at different pressures. 

The performance was insensitive to Ha utilization for 

values below 85% (for both pure Ha and SRP) ; operating 

pressure did not make a significant difference to the 

utilization related performance loss. Note that the 

cell performance was sensitive to air utilization 

values higher than 60%. , 

The effect of fuel humidity on pressurized fuel cell per- ’ 

formance was investigated and v;as found to be almost neg- 
ligible at all current densities (Figure 3,4). However/ 
contrary to the understanding of the effect of average * 

water partial pressure on fuel cell performance, a slight 
improvement in the fuel cell performance was observed 
because of the fuel stream humidification. This probably 
resulted from a reduction in internal resist* nee (ionic ij 

resistance) of the gas diffusion electrodes and the matrix. il 

All state-of-the-art fuel cell components were found to | 

be suitable for the short term pressurized testing. | 

However, corrosion of the bipolar plate was noticed 
in some of the pressurized fuel cells. , 

[I 

The Mat-X matrix and Teflon shims were employed for the ji 

edge sealing of the separated gas-cooled fuel cell stacks. 

The cell edge seal design (anode and cathode compression 
of 3 to 5 mils and 1 to 3 mils respectively, a total 
stack compression of 445 kPa, and a uniform wetting of 
the Mat-1 matrix sealing edges during the stack assem- 
bly) provided an edge seal tolerance to short-term APs 
of 25 cm of water, and to long-term APs of 10 cm of water. 

The gas temperature in the pressure vessel was monitored 
as a function of the operating pressure,* The heat transfer 
coefficient increases with pressure causing increased heat 
loss from the fuel cell stack. Therefore, as expected, the 
temperature in the vessel increased with pressure. The 
working design temperature for the vessel was 177®C and the 
vessel temperature stayed below 65®C at 1010 kPa (10 atm). 


33 

r 

, , 'Si 


TABLE 3.2 PERFORMANCE OF INDIVIDUAL CELLS ON PURE 

STACK P12-4 (SRFs 75% Hz, 24% CO 2 / 1% CO; 

Maximum Stack Temperature; 190®C; Air Utl. : 33%; 
Fuel Utl.; 80%) 


PERFORMANCE AND PRESSURE GAINS, mV 



1 atm 

505 kPa (5 atm) 

1010 kPa 

(10 atn 

1 ) 

Cells 

150 

mA/cm^ 

150 

mA/cm^ 

Gain at 
150 mA/c'n'^ 

300 

mA/cm^ 

150 

mA/cm^' 

*Gain at 
150 mA/cm^ 

300 

mA/cm^ 

*Gain at 
300 mA/cm^ 

1 

603 

724 

121 

633 

769 

45 

712 

79 

2 

613 

728 

115 

643 

815 

87 

720 

77 

3 

620 

725 

105 

623 

750 

25 

672 

49 

4 

626 

726 

100 

636 

729 

3 

671 

35 

5 

621 

731 

110 

649 

769 

38 

720 

71 

6 

626 

737 

111 

664 

777 

40 

715 

51 

Avg. 

618 

729 

111 

641 

768 

39 

702 

61 

SRP 
(Avg. ) 

609 



620 

1 


678 



Theoretical gain frcffrt 1 to 5 atm is 94 mV and 5 to 10 atm is 41 mV. 

*Represents the observed gain from 5 to 10 atm operation. 

Prior to 1010 kPa operation, C«lls 3 and 4 developed a cross-leak resulting from 
Ap excursion during emergency shutdown procedure testing. 
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AVERAGE CELL VOLTAGE . mV 











Temperature distrj.bution test data obtained from the 
6-and X2-cell stack testing indicated the center cell 
in a thermal unit (a group of cells having a full 
cooler at each end) to be the hottest. The observed 
temperature gradient in a thermal unit in the stacking 
direction was roughly symmetrical around the center 
cell and the temperature difference between adjacent 
cells was approximately 2°C. The cell temperature 
profile in the reactant and cooling flow directions 
was reasonably uniform. 

3.3 SUMMARY OF PRESSURE TESTING SGC STACKS 

The implementation of the separated gas-cooling concept 
for the pressurized fuel cell stacks was verified through 
testing of short stacks (four 6-cell stacks and one 12-cell 
stack) . The suitability of the stack design for pressurized 
testing was also verified. 
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TASK 4 . 


DESIGN, TESTING AND EVALUATION OP A GAS-COOLED 
(12 X 17 inch) 10 kW SIZE FUEL CELL STACK 


4.1 OBJECTIVES 

The objectives of this task v;ere as follows: 

• Design cooling plates for gis cooled fuel cell stacks 
for pressurized operation 

• Design and build a 10 kW size gas-cooled fuel cell 
stack 

• Test the 10 kw stack at pressures up to 690 kPa 
(6.8 atm) to study the effect of operating variables 
on thermal and electrochemical performance. 

4.2 COOLING PLATE DESIGN 

The cooling plate design for the pressurized fuel cell 
utilized analytical models and results developed in a previous 
program for atmospheric pressure stacks (NASA Contract DEN3-161) 

(6) . Variables, considered for this design study include the 
DIGAS and separated cooling options, 'straight through' and 
'tree' cooling channel configurations, and the cooling plate 
located at an interval of every 3 to 5 cells. Both the 'straight 
through' and 'tree' designs used channels of a rectangular cross 
section. In the case of the 'tree' design, the channels progres- 
sively branch into additional channels as shown in Figure 4.1. 

The design allows an increased intensity of local cooling along 
the path to compensate for an increasing coolant temperature. 
Details of various 'tree' cooling channel geometries are given 
in Figure 4.1. 

Six different designs were compared on the basis of a pres- 
sure drop related auxiliary power loss, the difference between 
the average and maximum cell temperatures (measure of tempera- 
ture uniformity) and the net cell voltage. The terminal voltage 
of a fuel cell increases at a fixed current density due to an in- 
crease in cell temperature. It is desirable to 'maintain the average 
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15.24 cm (6.0 in.) 


5.08 cm (2.0 in.) 10.16 cm (4.0 in.) 


DESIGN 



4DT/4ZT 

5DT 

5ZT 

w 

0.508 cm 

0.569 cm 

0.635 cm 

a 





0.254 cm 

0.284 cm 

0.318 cm 

w 

c 

O.il'^' cm 

0.142 cm 

0.159 cm 

Pitch 

1. 257 cm 

1.323 cm 

1.270 cm 


FIGURE 4.1 CHANNEL GEOMETRY FOR 'TREE' DESIGNS 


(All dimensions are before heat treatment; 

DT: DIGAS with straight cooling; ZT; separated 
cooling with 'tree' channels; numbers 4 or 5 
indicate 4 or 5 cells per cooling plate) 
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cell temperature close to the maximum temperature within the 
cell. Therefore, the logical basis for a comparison of all 
cooling geometries was to assume the same peak temperature. 

The parasitic losses considered for comparing different designs 
include only the process and cooling air flows and their respec- 
tive pressure drops through the stack itself. The net voltage 
for each design was estimated from a calculated performance at 
177®C (average temperature) after correcting for voltage 

loss equivalent to auxiliary power loss, and AV^, voltage ad- 
justment due to operation at an average temperature different 
from 177°C. The atmospheric test data (6) , showing an output 
voltage change of about 1.35 mV for each °C change in the stack 
temperature at 300 mA/cm^, was utilized in calculatint AV^. 

Table 4.1 shows the calculated mean temperature, cor- 
rections AV^ and AV^, and the net voltage for six different 
designs, namely 4DS, 5DS, 4DT, 5 DT, 4ZT and 5 ZT. The number 
4 or 5 indicates 4 or 5 cells per cooling plate. The designation 
DT indicates DIGAS with 'tree' cooling, DS indicates DIGAS with 
straight -cooling channels, and ZT indicates separated cooling 
with 'tree'’ channels. The net voltages of the straight through 
DIGAS designs are 20 to 30 mV below those of the 'tree' DIGAS 
designs due exclusively to the higher temperature gradient. 
Separated air cooling provides an additional 22 mV owing to a 
higher oxygen partial pressure. The net voltage for designs 
with 4 or 5 cells per cooling plate is quite similar and, 
therefore, 5 cells per cooling plate were selected for the 
final design. 

This analysis establishes the configuration 5ZT, i.e., 
the separated air cooling design with five cells per cooling 
plate to be better than other configurations. This design was 
therefore incorporated in the pressurized stack testing. 

Several gas cooled fuel cell stacks, including one of a 10 kVJ 
size, were tested at pressures up to 1010 kPa (10 atm) to 
study the effectiveness of gas cooling. The separated cooling 


39 


1*^ 












» r*4.r.» 


TABLE 4.1 


COMPARISON OF DIFFERENT COOLING PLATE DESIGNS* 


Cooling Plate 


Design 

4DS 

5DS 

4DT 

5DT 

4ZT 

5ZT 

Calculated 
Performance at 
T = 177®C, mV 

551 

552 

552 

552 

574 

574 

Avg. Temperature 
T, ®C to maintain 

'^max 

163 

156 

180 

178 

185 

185 

AV^, mV**" 

18.9 

-28.4 

+4.1 

+1 . 4 

+10.8 

+10.8 

AV^, mv’^ 

-3.6 

-4.3 

-3.3 

-3.3 

-2.8 

-2.3 

Net Voltage, mV 

529 

519 

553 

550 

582 

583 


*Pressure: 345 kPa; Bulk Air Temperature Rise: 55®C; 

Makeup Air Flow: 2 Stoich; Fuel Utilization: 70% 


tCell voltage corrections for operation at fixed maximum tem- 
perature T^^^ = 190 ®C (Av^) and for power loss due to stack 

pressure drops at a current density of 300 mA/cm^ (AV ) . 

a 

4 * 

'Assume voltage change of 1.35 mV/®C, based on atm. pressure 
data. Note that pressurized data reported in the next section 
indicated '^2 mV/°C. The relative comparisons, however, remain 
unchanged. 


is better than the DIGAS on the temperature uniformity and net 
performance basis, and additional technological issues such as 
moldability of the plate design, acid management, etc, are 
currently being resolved. 

4 . 3 DESIGN AND ASSEMBLY OF THE 10 kW AIR-COOLED 
STACK (PiO-1) 

Stack PlO-1 (a 50 cell 12"j{17*' stack) was designed to operate 
at pressures between 101 kPa and 690 kPa- This stack incorporated 
machined 'Z' bipolar and ’tree' cooling plates, floating mani- 
folds and Acid Fill Scheme AP-2 (6). The design details of this 
stack are shown in Figure 4.2. Belleville springs were incorpo- 
rated to prevent a loss of stack compression with time. The 
components of the stack consisted of standard cathodes 
{'vO.5 mg Pt/cm^), anodes ('^'0.3 'mg Pt/cm'^), and Mat-1 matrices. 

The stack was wet assembled with 50 ml of approximately 96 wt% 
phosphoric acid (an additional 0.5 cc in each reservoir) and 
compressed with a holding pressure of 445 kPa. A photograph of 
the' assembled • stAck without the manifolds is shown in Figure 4.3. 

4.4 TESTING OF STACK PI 0-1 

This stack was tested at pressures of 101 to 690 kPa. 

The test results are given below. 

• TESTING AT ATMOSPHERIC PRESSURE; The stack was pretested 
at atmospheric pressure and all the cells performed sat- 
isfactorily. The tests- conducted were: 

• gas tightness, 

• stable and transient OCV, and 

• performance at 150 mA/cm^ . 

The cell edge and the manifold seals were tested under 
a hydrogen back pressure of 13 cm of water and almost no 
hydrogen leak was detected. The OCV tests also indicated 
a cross-leak tight stack. Although the stack was assem- 
bled with a lower concentration of acid, the initial per- 
formance of all the cells at - 150 mA/cm^ was acceptable 
(Figure 4,4), Somewhat lower performance of the cells 
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FIGURE 4.4 INITIAL PERFORMANCE OF STACK PI 0-1 AT ATMOSPHERIC 
PRESSURE (Current Density; 150 mA/cm^; Maximum 
Stack Temperature: 186®C; Air Util.: 60%; 

Fuel Util.: 77%; Fuel: Pure Ha; Stack 

Resistance: 0.27 mQ/Cell) 
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is duo to a less than optimum wotting of the cells at 
the time of testing. 

• TESTING AT PRESSURE: Testing of Stack PlO-1 was per- 

formed at Westinghouse (Pittsburgh, Pa) facilities and 
included: 

1. An open circuit voltage and a low load (20 A at 150®C) 
performance checkout at atmospheric pressure; 

2. Performance testing as a function of stack temperature 
(175, 180 and 190®C) , coolant inlet temperature (125, 
140 and 150°C) , air utilization (33 and 50%), current 
density (between 100 and 400 mA/cm^) and pressure 
(345, 515 and 690 kPa); 

3. About 24 hours of continuous operation at 325mA/cm^, 
515 kPa, 190°C stack, 140°C coolant inlet tempera- 
ture and 2 stoich air; and 

4. About 500 hours of continuous operation at 325 mA/cm^, 
690 kPa, lOO^C stack maximum temperature, 140®C 
coolant inlet temperature and 2 or 3 stoich air. 

All 50 cells showed an excellent performance at the be- 
ginning of the atmospheric checkout testing at Westing- 
house. However, some water accumulation in the cathode 
exhaust manifold, during the initial atmospheric test 
period, resulted in a reversal of the bottom five cells 
of the stack. Because permanent damage to these cells 
was suspected, this 5-cell pack was shorted by taking 
advantage of the structure of the cooling plates. This 
resulted in Stack PlO-1 having only 45 active cells 
instead of 50 as originally intended. Follov/ing this 
correction, atmospheric testing resumed and all 45 re- 
maining cells showed an excellent performance. Next, 
the stack was tested at three different pressures. The 
performance mapping data at different pressures is given 
in Appendix B . a few test interruptions occurred due 
to compressor failure, power interruptions, etc. 

The test results, data analysis and effect of these inter- 
ruptions on the cell performance are discussed in the next 
section. 
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TASK 5. 


DATA ANALYSIS 


The test results of the 10 kW size gas cooled stack 
reported in the previous section were analyzed to investigate 
the following aspects: 

® Thermal response of the pressurized gas-cooled PAFC stacks 

« Performance of the stack at different pressures 

« Parasitic power loss requirement 

« Water distribution in the exhaust streams 

® CO related performance loss at pressure 

« Effect of steady state operation and operating 
upsets on the pressurized PAFC performance. 

5.1 THERMAL RESPONSE OF GAS-COOLED PAFC STACKS 

The average temperature of the stack was varied by changing 
the cooling air inlet temperature and flow rate while holding 
all other variables at constant values. As shown in Figure 5.1, 
the effect of the average cell temperature on the pressurized 
fuel cell performance is current density dependent as was also 
observed in atmospheric pressure cells. However, the effect of 
the average temperature on the fuel cell performance was some- 
what greater at pressure than at atmospheric pressure, ranging 
from 1.2 mV/°C at 150 mA/cm^ to 2 mV/“C at 300 mA/cm^ , at pres- 
sures of 345 to 690 kPa. Note that the pressurized operation 

R 

increases the mV/®C factor by 1.5 InP. Thus an additional 
0.2 mV/°C is expected at 5 atm pressure because of this term. 

The difference between the maximum to average temperature 
(Tj^ajj •* T) is a logical measure of temperature uniformity and is 
desired to be as low as possible. The data indicated that the 
(Tmax "■ independent of the operating pressure, but is a 

function of current density and coolant temperature rise. The 
experimental " T) values agreed reasonably well with the 


46 






AVERAGE CELL PERFORMANCE. V/CELL 


f 


ORIGINAL PASS 13 
OF POOR QUAU'5"V 



FIGURE 5.1 EFFECT OP TEMPERATURE ON PERFORMANCE OP THE 
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predicted values. For test conditions ranging from 345 to 690 
kPa ana 100 to 400 mA/cm^ - T) stayed below 19«C for a 

coolant temperature of <75®C (results of 30 test runs are sum- 
marized in Table 5.1). The experimental temperature ratio 
index r, a measure of temperature uniformity, defined as: 

(T - T) 

' max ' stack 

* Tm „ m _ 

out in) cooling 

for these test conditions, is plotted in Figure 5.2 as a function 
of current density. The figure also shows the predicted values 
of r for a cooling air AT of 30°C. The measured values of r 
are higher than predicted at higher current densities. However, 
the agreement between measured a^d predicted uniformity appears 
to be reasonably good; most measured values of r are within 
30% of the predicted values. The cooling air AT calculated 
from the heat generation and corrected for heat removed by the 
process air, agreed reasonably well with the experimental values 
(except for a few tests with a high cooling air AT) , suggesting 
a good thermal balance for the pressurized fuel cells. 

The measured and predicted temperatures for the stack 

operating at a power output of 0.2 W/cm^ (at 515 kPa and 

325 mA/cm^) are shown in Figure 5.3. For this case, the 

(T - T) value was predicted to be 9°C and the measured value 
max 

was 11®C. The design analysis also accurately predicts the 
temperature rise trend (in the coolant flow direction) in the 
fuel inlet-process air outlet edge, center and process air inlet- 
fuel outlet edge regions. The process air inlet-fuel outlet edge 
temperatures (right hand side of Figure 5.3) are generally lower than 
the fuel inlet-process air outlet edge. This is because the process 

air inlet-fuel outlet edge has a lower current density and an ad- 
ditional cooling, due to incoming process air. It appears that the 
temperature distribution can be improved by omitting one cooling 
channel at the fuel inlet-process air outlet edge, and two channels 
at the process air inlet-fuel outlet edge. 


TABEL 5.1 THERMAL PERFORMANCE OF A 10 kW STACK AT PRESSURE 



TEST 

PRESSURE 


CURRENT 

DENSITY 

mA/cm* 


AVERAGE CELL 
TEMPERATURE 
"C 



"^max " ^ 
MAXIMUM TO 
AVERAGE 
TEMPERATURE 
RISE, ®C 

^^CA 
COOLING 
TEMPERATURE 
RISE, "C 

Tmax“ ^ 

TEMPEPATURE 

UNIFOR.MITY 

RATIO 


Mea- 

sured 

Calcu- 

lated 


7.2 

33 

44 

0.22 

7.7 

28 

32 

0.28 

7.4 

27 

31 

0,27 

8.8 

26 

29 

0.34 

8.0 

23 

?.S 

0.35 

9.5 

24 

28 

0.40 

12,1 

34 

37 

0.36 

16.4 

34 

39 

0.48 

17.9 

74 

101 

0.24 

16.6 

68 

94 

0.24 

18.3 

50 

59 

0.3? 

19.8 

47 

54 

0.42 

13.5 

40 

42 

0.34 

8.6 

34 

37 

0.25 

7.7 

29 

35 

0.26 

8.3 

29 

41 

0.29 

8.2 1 

23 

24 

0.36 

7.3 

38 

58 

0.19 

6.8 

29 

32 

0.23 

8.3 

26 

32 

0.32 

7,5 

22 

25 

0.34 

9.8 

28 

31 1 

0.35 

12.9 

53 

51 

0.25 

12.7 

48 

50 

0.26 

12.3 

35 

36 

0.35 

9.8 

27 

29 

0.36 

27,6 

84 

80 

0. 33 

16.1 

71 

72 

0.23 

16.5 

50 

50 

0.33 

15.9 

48 

54 

0. 33 












345 kPa 
516 kPa 
690 kPa 
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5.2 EFFECT OP CURRENT DENSITY ON CELL PERFORMANCE 


Performance of the 10 kw (1200-cra^ cell area) stack at two 
different pressures is reported in Figure 5.4. At 515 kPa and 
300 mA/cm^ (T = 184®C) , the stack performance was 0.614 V/cell 
(i.e., 0.19 kW/cell) which corresponds to an energy conversion 
efficiency of 49% (based on lower heating value of H^) in the 
PAFC stack. As reported in the previous section, the perfor- 
mance gain obtained by raising the pressure from Pj to Pa (Table 
5 ^ 24 _ was ssmewhat higher than the theoretical values. 

5 . 3 PRESSURE DROP AND PARASITIC POWER REQUIREMENT 

Pressure drops were measured in different streams as a 
function of pressure. The pressure drops through the cathode, 
anode, and cooling channels corresponding to a 325 itiA/cm^ and 
515 kPa operation were 4 mm Hg (50% air utilization) , 1 mm Hg 
(80% fuel utilization), and 5 mm Hg, respectively. The pressure 
drop decreased with the operating pressure. Experimental result 
confirmed that the pressure drop is inversely proportional to 
the operating pressure (Figure 5.5). 

The parasitic power corresponding to the pressure drop 
through the stack was calculated for different power level 
operations at 515 kPa and is presented in Figure 5.6. An adia- 
batic compression at an 80% blower efficiency was assumed. The 
parasitic power requirements related to the cooling and process 
air pressure drops at 325 mA/cm^ and 515 kPa are quite negli- 
gible, 0.9 and 0.2% of the output power, respectively. (These 
values only account for a pressure drop through the fuel cell 
stack and the manifolds.) Note that the pressure drop related 
parasitic power loss is inversely proportional to the operating 
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TABLE 5.2 AVERAGE PRESSURIZED PERFORMANCE GAIN 
10 kW STACK (@ 150 mA/cm^) 


PRESSURIZATION 
STEP, kPa 

AVERAGE 
STACK 
TEMP . , 
“C 

THEORETICAL GAIN 
1.5 ~ In P 2 /p^ 
mV 

AVERAGE STACK 
GAIN mV/CELL 

101 - 315 

175 

75 

83 

315 - 515 

177 

24 

28 

515 “ 690 

186 

17 

31 







PRESSURE DROP, mm Hff 







PROCESS AIR PARASITIC POWER . W/kW OUTPUT 



COOLING AIR PARASITIC POWER . W/kW OUTPUT 













5.4 WATER BALANCE 


The water concentration in the exhaust stream has important 
implications on the fuel cell design, acid concentration profile 
and water recovery from the exhaust gases. The water partial pres- 
sures in the anode and cathode exit streams, and the percentage of 
the product water transferred to the anode stream, were calculated 
corresponding to different operating conditions, using water 
collection rates at the anode and cathode (Table 5.3). For the 
separated air-cooled stacks with counter-current reactant flows 
and 50% air utilization, the water partial pressure in the 
cathode exhaust stream is roughly two times higher than the 
anode stream and 17 to 18% in the cathode stream at pressure 
(515 to 690 kPa). Total water collected at different conditions 
plus the water input to the stack with the reactants matched 
with the water produced in the fuel cell. 

5.5 EFFECT OF CARBON MONOXIDE ON PERFORMANCE 

The CO related performance loss for the pressurized fuel ■ 
cell was 6 mV (184 to 189°C average temperature, 40% fuel utili- 
zation) for a 1.5% CO content. The CO related performance 
loss was also observed to be independent of the operating pres- 
sures, suggesting the CO-r elated poisoning to be concentration 
rather than activity related. 

5. 6 STEADY STATE OPERATION AT PRESSURE 

The performance of Stack PlO-1 at 515 kPa, 325 mA/cm^ and 
184®C (average stack temperature) is shown in Figure 5.7. The 
average fuel cell performance was 0.600 V/cell which corresponds 
to a thermal to electrical efficiency of 48% in the fuel cell 
stack. The power output of the 45-cell stack at this condition 
was 9.4 kW. 

Stack PlO-1 was also run at 690 kPa and 325 mA/cm^ for 
a total of 465 hours. The test history and the stack performance 
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TABLE 5.3 WATER BALANCE FOR A PRESSURIZED SEPARATED AIR-COOLED STACK 

(10 kW Stack; Average Stack Temperature: -185’C; Fuel 

Compotision: 80.8% Hz, 15% COz , 1.5% CO, 3.7% HzO; 

Fuel Utilization: 40%) 


OPERATING 

CONDITION 

WATER IN THE EXIT 
STREAM 

% REACTION WATER 
TRANSFERRED TO 
THE ANODE STREAM 

PRESSURE 

kPa 

AIR UTIL. 
% 

CATHODE 

% 

ANODE 

% 

515 

50 

18 

■ 

7 

4 

690 

50 

17 

8 

6 

690 

33 

12 

7 

4 
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is reported in Figure 5.8. During this test, the stack was 
subjected to one Ha supply outage and two power failure related 
shutdowns (full depressurijsation pressurization). These tests 
indicated a performance loss of 14 mV/cell during the Ha out- 
age related test (the fuel cell was kept at open circuit at 
190®C, 690 kPa for a total of about 12 hours) and about 
8 mV/cell during each of the power failure related shutdowns. 

It may be noted that during performance mapping tests at 
515 kPa the stack was subjected to three additional pressurization- 
depressurization cycles. During each of these depressuriza- 
tion runs# the wet seals of the cells in the coolant inlet *'• 
and outlet edges were exposed to large differential pressure 
variations (over -35 kPa pressure) and withstood these large 
AP variations without much harmful effect to the fuel cell 
performance, indicating an acceptable differential pressure 
capability of the present wet-seal design. 

During the initial 300 hours of steady-state pressurized 
operation, the stack resistance stayed constant at -0.25 mJ^/cell. 
However, after the cathode flow rate was increased to 33% air 
utilization, a gradual increase in the cell resistance was ob- 
served, indicating a need for acid addition. The cathode and 
anode terminal resistances were - 1 and 2 mfi, respectively, 
and stayed somewhat constant during the testing. 

The testing of this stack was voluntarily discontinued 
after a total of 685 hours of pressure testing at different 
conditons. 


5.7 SUMMARY OF THE 10 kW STACK DATA ANALYSIS 

The feasibility of gas cooling for the pressurized PAFC was 
established through the successful testing of a 10 kW separated 
air-cooled stack at different pressures for -700 hours. Using 
one 'treed' cooler every five cells, the stack produced 0.2 W/cm^ 
at 515 kPa and 325 mA/cm^ while maintaining a uniform tempera- 
ture distribution (the maximum to average temperature difference 
was found to be only 11 °C). 
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FIGURE 5.8 PERFORMANCE OF THE 10 kW STACK 
AT 325 mA/cm^ AND 690 kPa 
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The pressure testing qf the 10 kW stack also indicated 

that 

• ?;he effect o£ air flow and CO concentration on fuel 
cell pe:. iormance, temperature distribution and 
temperature uniformity of a fuel cell are indepen- 
dent of operating pressure. 

• The effect of the average temperature on performance 
is greater for a pressurized cell as compared with 
an atmospheric pressure cell. 

• The pressure drop through the process and cooling 
channels is inversely proportional to pressure and 
the total parasitic cathode and cooling power dis- 
sipation through the stack at 516 kPa (325 mA/cm^ ) 
is less than 1% of the ou‘‘'‘^ut power. 
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appendix a. numerical data on acid concent hA'C on changes 


PRESSURE 

atun 

TEMPERATURE, 

•c 

ACID 

CONCEHTPATJON, 
«t% K^PO^ 

ACID 

VOLUME, 

ml/tjm ot ^^^PO^ 

t Volume Change 
from 100 wt4 6 
180®C HjPOi, 

J. 

120 

93.87 

.63 

9.12 

\ 

140 

96,74 

.60 

4.75 

1 

160 

98.87 

.58 

1,95 

1 

180 

100.56 

,57 

0.00 

1 

200 

101.96 

.56 

-1,42 

1 

220 

103.17 

.56 

-2.49 

X 

240 

104,23 

.55 

-3,31 

2 

120 

89.92 

.67 

17.28 

2 

140 

93.96 

.63 

10,07 

2 

160 

96,75 

.61 

5.82 
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SUMMARY OF TEST CONDITIONS AND TEST RESULTS FOR STACK PlO-1 (45-Cell) 
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SUMMARY OF TEST CONDITIONS AND TEST RESULTS FOR STACK PlO-1 (45--Cell) 
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*Calculate<3 from experimental thermal profile. 
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